Analyses of 55 individual and 31 concatenated protein data sets encoded in Reclinomonas americana and Marchantia polymorpha mitochondrial genomes revealed that current methods for constructing phylogenetic trees are insufficiently sensitive (or artifact-insensitive) to ascertain the sister of mitochondria among the current sample of eight α -proteobacterial genomes using mitochondrially-encoded proteins. However, Rhodospirillum rubrum came as close to mitochondria as any α-proteobacterium investigated. This prompted a search for methods to directly compare eukaryotic genomes to their prokaryotic counterparts to investigate the origin of the mitochondrion and its host from the standpoint of nuclear genes. We examined pairwise amino acid sequence identity in comparisons of 6214 nuclear protein-coding genes from Saccharomyces cerevisiae to 177,117 proteins encoded in sequenced genomes from 45 eubacteria and 15 archaebacteria. The results reveal that ~75% of yeast genes having homologues among the present prokaryotic sample share greater amino acid sequence identity to eubacterial than to archaebacterial homologues. At high stringency comparisons, only the eubacterial component of the yeast genome is detectable. Our findings indicate that at the levels of overall amino acid sequence identity and gene content, yeast shares a sister-group relationship with eubacteria, not with archaebacteria, in contrast to the current phylogenetic paradigm based on ribosomal RNA. Among eubacteria and archaebacteria, proteobacterial and methanogen genomes, respectively shared more similarity with the yeast genome than other prokaryotic genomes surveyed.
INTRODUCTION
The current paradigm for the relatedness of eubacteria, archaebacteria and eukaryotes is the small subunit ribosomal RNA (rRNA) tree, also called the universal tree or the tree of life. In the rRNA tree, eukaryotes are depicted as sisters to the archaebacteria (Woese et al., 1990; Woese, 2002) based upon the rootings proposed with protein sequence comparisons (Iwabe et al., 1989; Gogarten et al., 1989 ). Yet the sister-group relationship between archaebacteria and eukaryotes implied in the rRNA tree is reflected only in some eukaryotic genes. Many genes in eukaryotes are more closely related to their eubacterial homologues than they are to their archaebacterial homologues (Doolittle and Brown, 1994; Feng et al., 1997; Brown and Doolittle, 1997; Brown, 2003; Timmis et al., 2004) . In an early evolutionary analysis of the yeast genome, Rivera et al. (1998) compared yeast proteins to the homologues from five sequenced prokaryotic genomes that were available at the time. They found that many yeast genes involved in transcription, translation, DNA maintenance, and the like ("informational" genes) were more similar to archaebacterial homologues, while many genes involved in biosyntheses, metabolism, and the like ("operational" genes) were more similar to eubacterial homologues.
Those studies indicated that there are many more eubacterial genes in the yeast genome (and in eukaryotic genomes in general) than would be expected on the basis of the rRNA paradigm.
Although the precise number, nature and origin of these genes have yet to be specifically pinned down, their presence is now widely accepted to indicate some kind of chimaerism during eukaryotic evolution (Brown, 2003) . Chimaerism poses challenging and yet unsolved problems both regarding the classification of unicellular organisms (Doolittle, 1999) and regarding the reconstruction of early eukaryotic evolution (Knoll, 2003) . It has spawned models in which additional endosymbiotic partners are invoked to explain the origins of these genes in a lump-sum fashion, regardless of their specific similarity patterns (Horiike et al., 2001; Hedges et al., 2001; Hartman and Federov, 2002) and models in which lateral gene transfer (LGT) is invoked to explain the origins of these eukaryotic genes on a one-acquisition-at-a-time basis (Doolittle, 1998; Gogarten, 2003) . Yet LGT as a vehicle to explain the excess eubacterial genes in eukaryotes involves the assumptions that the interpretation of individual sequence is straightforward and that the reconstruction of gene trees is, at the extreme, infallible. That is, the LGT explanation for unexpected branching orders assumes not only that each gene is fully capable of accurately telling the story of its evolutionary history in the language of sequence comparisons, but furthermore that each gene does so when queried with existing phylogenetic techniques. Warnings that the resolving power of gene tree analysis has discrete limits (Meyer et al., 1986; Rothschild et al., 1986; Penny and Hendy, 1986; Nei, 1996; Embley and Hirt, 1998; Philippe and Laurent, 1998; Penny et al., 2001; Sober and Steel, 2002; Mossel, 2003) have been issued and newer findings (Rokas et al., 2003) reinforce the older view (Penny et al., 1982) that minor topology differences among proteins sharing the same evolutionary history are not surprising, rather they are to be expected even in the absence of LGT.
For the study of early cell evolution, there are only three generally accepted theories within the framework of which biologists can comfortably work: Darwinian theory (natural variation and descent with modification exists among microbes), phylogenetic theory (sequence similarity reflects in some manner evolutionary history) and endosymbiotic theory (some organelles of eukaryotic cells were once free-living prokaryotes).
In terms of endosymbiotic theory, which explains the origin of double membrane-bounded organelles in eukaryotes -chloroplasts and mitochondria, including hydrogenosomes (Müller, 2003; Embley et al., 2003) -the excess eubacterial genes in eukaryotes bear upon our concepts concerning the host that acquired mitochondria ). Several models have been put forward to explain the origin of eukaryotes in a manner that could, in principle, account for the presence of too many eubacterial genes in eukaryotic genomes by virtue of the intracellular relocation of genes in the context of a symbiotic association (endosymbiotic gene transfer).
Such models generate and in some cases explicitly spell out predictions about the overall patterns of similarity that should be observable in genome sequence comparisons. For example, some models predict that eukaryotic nuclear genes should bear greatest overall similarity to their homologues from i) methanogens and δ-proteobacteria (Moreira and Lopez-Garcia, 1998) , ii) actinobacteria (a group of Gram positive bacteria encompassing streptomycetes and relatives) (Cavalier-Smith, 2002) , iii) Thermoplasma and spirochaetes (Margulis et al., 2000) , iv) proteobacteria and eocytes (a group of archaebacteria also called crenarchaeotes) (Gupta, 1998) , or v) methanogens and α-proteobacteria (Martin and Müller, 1998) .
Genome sequence sampling among those prokaryotic lineages is still quite sparse, yet even if it were dense, appropriate methods to detect or quantify overall sequence similarity at the whole genome level have not been well-developed, although methods that detect overall similarity in dinucleotide frequencies have (Karlin et al., 1999) . Here we report overall amino acid sequence similarity between proteins in the yeast nuclear genome and identifiable homologues in 60 prokaryotic genomes. We examine the chimaeric nature of the yeast nuclear genome and report the phylogenetic position of mitochondria among a sample of ten α-proteobacterial genomes.
METHODS

Analysis of mitochondrion-encoded proteins vs. α-proteobacterial homologues
The 67 protein-coding genes of the Reclinomonas americana mitochondrial genome were Sequence data from the latter four genomes were generously produced by the US Department of Energy Joint Genome Institute (http://www.jgi.doe.gov/). When more than one match per genome was detected, the best match to the mitochondrial query was used, thus allowing each α-proteobacterium to be as similar to mitochondria as possible at the level of sequence similarity, regardless of whether the sequence simlarity of individual genes is due to vertical inheritance or lateral acquisition.
Sequences were aligned with ClustalW (Thompson et al., 1994) with gap open penalty 15.0, gap extension penalty 6.66 and the BLOSUM series weight matrix. Protein log-determinant (LogDet) distances (Lockhart et al., 1994) were determined with LDDIST (Thollesson, 2004) , the fraction of invariant sites was estimated and excluded using the methods of Sidow et al. (1992) or Steel et al. (2000) as implemented in LDDist. NEIGHBOUR-JOINING (Saitou and Nei, 1987 ) was used to infer trees from distance data. Splits were detected from the distance matrix with NEIGHBORNET (Bryant and Moulton, 2004) and represented as planar graphs with SPLITSTREE (Huson, 1998) . Protein maximum likelihood trees were constructed with PROTML (Adachi et al., 1996) .
For concatenated analyses, the cox1, cox2, and cox3 genes of R. rubrum were not available in the partial genome data. Magnetospirillum homologues for rps11 and rps13 were also missing.
But in individual PROTML analyses, Rhodospirillum and Magnetospirillum were almost always well-supported sisters (see Supplemental Table S1 ). Therefore, for the concatenated data set, Magnetospirillum homologues were removed from the data except in the case of cox1, cox2, and cox3, where the Magnetospirillum homologues were substituted for the missing Rhodospirillum sequences. Since nad6 was missing in the available Novosphingobium data, nad6 was excluded, yielding 31 genes (atp1, atp6, atp9, cob, cox1, cox2 , cox3, nad1, nad2, nad3, nad4, nad4L, nad5, nad9, rpl16, rpl2, rpl5, rpl6, rps1, rps11, rps12, rps13, rps14, rps19, rps2, rps3, rps4, rps7, rps8, yejr, and yeju) for 14 OTUs (two mitochondria, ten α -proteobacteria, and two outgroups:
Escherichia and Neisseria).
The 31 homologues per genome were aligned individually and then concatenated to produce the initial 14 OTU concatenated alignment of 12445 amino acid sites per genome, which included many gaps. Removing all gapped sites produced the 6472 site data set. The 6472-site data had severe amino acid content heterogeneity as determined with PUZZLE (Strimmer and von Haeseler, along with its E-value (the expected number of chance alignments with scores ≥ that observed) and the percent amino acid identity (for example 42.2%) in the pairwise local alignment (Smith and Waterman, 1981) employed by FASTA. For the specified E-value threshold 10 -x , the percent amino acid identity values (pI x ) for each pairwise comparison were written into a table with 6214 rows specified by the yeast gene identifiers and 62 columns specified by the prokaryotic genomes.
Empty elements of the matrix were written as zero. Sums of columns define total percent identity (tI) for the given genome at the E-value threshold of 10 -x (tI x ).
To determine whether yeast proteins were distributed more specifically among eubacterial or archaebacterial genomes, the sum of the 45 eubacterial pI 20 values was divided by the sum of the 15 archaebacterial pI 20 values, multiplied by 45/15 for normalization, and rows sorted by that quotient
(1 was added to zero denominators). Values of pI 20 were colour-coded after removal of all rows containing only empty elements. Functional category assignments and gene product definitions were taken from EBI data for the yeast gene identifiers. Mitochondrial and sec-pathway targeting prediction was performed as described (Richly et al., 2003) . Taxonomic designations for prokaryotic groups were taken from http://www.ncbi.nlm.nih.gov/Taxonomy/tax.html/. Categories of yeast importers were assigned and assorted by hand from information present in the product definition line. All results are available upon request.
RESULTS AND DISCUSSION
Mitochondrial origins are unresolved by mitochondrial proteins, but Rhodospirillum is close
Rickettsia is often asserted to be the closest relative to mitochondria among α-proteobacteria because a few genes have produced that phylogenetic result (Kurland and Andersson, 2002; Emelyanov, 2003) , although the genome sequence of Wolbachia pipientis wMel recently revealed that Rickettsia is the sister of Wolbachia, not of mitochondria (Wu et al., 2004) . In addition, atp8, rpl10, rpl18, rpl19, rpl31, orf169, orf717, orf25, orf64, rpoB, rpoC, and rpoD) and were excluded from further analysis due to their poor sequence conservation. The 55 proteins that gave an E-value better than 10 -5 in more than six genomes were proportions less than 70% for 53 of the 55 proteins (see supplemental Table S2 ). Recalling that the Reclinomonas mitochondrion inherited its genome from α-proteobacteria (Lang et al., 1997; Gray et al., 1999) , rather than having acquired it through lateral acquisition from various donors, such disparate result could mean either i) that a degree of noise exists in the data (for example due to poor conservation as in the case of the twelve proteins that were excluded for lack of good homologues), or ii) that the phylogenetic method is producing an imperfect estimation of the phylogeny, producing artifacts in some cases, but getting close to the true position in other cases, or iii) that any number of problems inherent to phylogeny reconstruction such as model misspecification or poor sampling were present, iv) that the eubacteria sampled might be avidly exchanging these genes over time, or v) any combination of the above.
Pinning down the relative contributions of these factors in the absence of a priori knowledge about how proteins evolve is not trivial. We took an empirical approach. Since all available evidence indicates mitochondria to have a single origin Rhodobacter, in four trees basal to the free-living α-proteobacteria, in three trees with the outgroup, in three trees elsewhere, and in five trees mitochondria were not monophyletic (Table 1) . Although one explanation for such disparate results for these mitochondrially-encoded proteins might be
LGT to mitochondria from these various sources, we suspected that difficult alignments and poor phylogenetic signal in these phylogenies of ancient events compounded by the inadequacies of currently available phylogenetic methods ) are the more likely cause(s). It is currently not clear how to directly show that that might be true.
Is
LGT or divergence a better explanation of mitochondrial genome evolution?
To test the impact of LGT on the present mitochondrial data we examined the spectrum of phylogenetic signals for a given set of data and compare it to the spectrum obtained for a well established phylogeny that contains sequences of different degrees of divergence. In doing this, phylogenetic signal could be expressed in many ways. A particularly convenient way is in terms of tree-splits (which are equivalent to edges, branches, or bipartitions). Internal splits separate OTUs (operational taxonomical units, in this case sequences) into two groups. External splits separate a single OTU from all other OTUs. Real data usually contain external splits and conflicting internal splits. For small numbers of OTUs, support for all splits under a specified model of sequence evolution can be calculated directly using a Hadamard transformation (Penny et al., 1996; Lockhart et al., 1999) . For larger data sets, one heuristic approach is to use Neighbor Net (NNET), which provides a list of major splits, including conflicting splits, not just the splits that are pairwise compatible and thus fit onto a single tree, whereby the degree of pairwise compatibility is a measure of how well the given split fits the data (Bryant and Moulton, 2004) .
To establish the reference spectrum, we used NNET and the LogDet correction (Lockhart et al., 1994) to identify the strongest splits in 57 proteins whose orthologues appeared in 14 green algal and higher plant chloroplast genomes (see methods). We compared the strength and relative frequency of splits common to the different chloroplast proteins and found that many of the strong splits shared by the longer proteins corresponded to internal edges (Fig. 1a, right panel) . This is encouraging, because it indicates that these chloroplast proteins, which share a common evolutionary history , also share a detectable degree of common phylogenetic signal. Notably, many of the shorter chloroplast proteins also had some well supported splits that were not found in the longer proteins, a finding which is likely due to sampling error inherent in short (<50 residues long) proteins.
Next we compared our reference spectrum (the chloroplast proteins) to the spectrum obtained using the same approach for 31 protein data sets compiled from the two mitochondrial and 12 sequenced or partially sequenced proteobacterial genomes (Fig. 1a , left panel). We reasoned that since the strength of phylogenetic signal in a given protein should decrease with time, as predicted in theory Sober and Steel, 2002; Mossel, 2003) , the spectrum for these data should show weaker support for internal tree splits than in the case of our reference spectrum. The reason for this is that the green-lineage divergence spans at most about 1 billion years of evolution, whereas the mitochondrial and proteobacterial protein comparisons span a much greater amount of evolutionary time, perhaps about 2 billion years (Knoll, 2003; Martin et al., 2003) . The results
show that the strongest splits in the mitochondrial and proteobacterial data are all among the external edges (terminal branches), and only weaker splits are seen among the internal edges.
Of the 8177 possible internal splits for the 14 mitochondrial and proteobacterial OTUs, only 443 are observed. Six of these splits occur very frequently and are shown in the NNET graph (Fig. 1b.) . By way of comparison we observe that in the chloroplast data, ten splits occur frequently (top of each panel) for the same number of OTUs. Overall these results are encouraging given the extent of sequence divergence between proteobacterial and mitochondrial homologues, because a 14 OTU tree has only 11 internal tree splits. If
LGT were more prevalent than common ancestry for these proteins across genomes, we would not expect to see a set of frequently shared splits across proteins (the splits would be randomly distributed). Only if common ancestry were widespread among these protein data sets would we expect to observe such a shared set of splits as are seen in Fig. 1a . Indeed, the probability of observing, by chance, the rather discrete set of only 443 different splits, 233 of which are shared by two or more proteins (some incompatible), across 31 genes can be estimated by standard probabilistic arguments. The total number of observed splits summed across the 31 mitochondrial genes in Fig. 1a is 738. If these 31 sets of splits were random with respect to each other (for example through LGT), then the probability of observing just 443 or fewer internal splits (from the 8177 possible for each 14 OTU data set) can be estimated by the Azuma-Hoeffding inequality (Alon and Spencer 1992) applied to a bin occupancy problem. The calculated probability that we would observe this many shared internal splits by chance only is small (P < 0.001), providing evidence for a significant degree of common ancestry among the 31 genes under investigation with the present methods.
Furthermore, if common ancestry were widespread, but difficult to detect with LogDet distances due to conflicting signal in the data (rather than due to LGT), then we would expect to observe, in addition to a set of shared splits, a set of spurious splits as well, which should be more or less randomly distributed among proteins, just as is observed (Fig. 1a) . The six strongest internal splits observed in individual analyses of the 31 proteins (the top six splits in Fig. 1a ) are labelled in Fig. 1b . The remaining splits detected in individual analyses were either rare, 210 occurring for one protein only, or were conflicting, or both.
Part of the conflicting signal is likely due to noise stemming from the many highly gapped and poorly alignable regions in the individual alignments. Hence, the proteins were concatenated into a single 14 OTU alignment with 12445 sites and all sites that contained a gap in any sequence were removed, leaving 6472 positions for analysis. The NeighborNet (NNet) of protein LogDet distances for the 6472 site data (Fig. 1b) shows good support for the monophyly of the two mitochondria, the unity of the outgroup, and several seemingly robust affiliations among members of the α-proteobacteria sampled. Furthermore, the six splits commonly detected in the individual analyses of gapped data map nicely onto the tree of concatenated sequences lacking gaps. However, the position of the mitochondria remained unresolved, with one split linking them to Rickettsia and Wolbachia and one split linking them to the free-living forms (highlighted in the inset in red and blue, respectively).
Although LogDet can compensate for amino acid composition bias when the spatial distribution of substitutions is simple (Lockhart et al., 1999 ) the compositional heterogeneity in the 6472 site data was very severe, with only two OTUs passing the χ 2 test for compositional homogeneity. Removing highly variable sites (see Methods) produced the compositionally homogeneous 2500 site data, in which the NNet split associating mitochondria with the free-living α-proteobacteria increased in strength relative to the split associating mitochondria to Rickettsia and Wolbachia. The position of the mitochondria was still unresolved, although Rhodospirillum rubrum was slightly closer to mitochondria than the other α-proteobacteria, sharing a small split with Marchantia (Fig. 1c) . It is worth noting that the overall fermentative physiology of Rhodospirillum and related genera is quite similar in overall design to that in eukaryotes that lack mitochondria or possess anaerobic mitochondria, because the main fermentative end products in this group of α-proteobacteria are acetate, succinate, propionate, lactate, formate, H 2 and CO 2 (Imhoff and Trüper, 1992) , an overall physiolology that is virtually identical to that found among eukaryotes that lack mitochondria (Müller, 2003) and that possess anaerobic mitochondria (Tielens et al., 2002) . In the bootstrap consensus of LogDet NJ trees for the 2500 site data, Rhodospirillum branched as the sister to the two mitochondria in 65/100 replicates.
With additional sampling of α-proteobacterial lineages and with improved methods of phylogenetic inference it might be possible to link mitochondria to specific members of the group using the information contained in mitochondrial genomes. Yet it might also turn out that more data per species will be necessary to clarify the origin of mitochondria. Since the current set of 31
proteins contains about as much information as mitochondrial genomes have to offer when two mitochondria are included in the analysis , the possibility to resolve the issue from mitochondrial genome information might face a fundamental limitation. Hence we asked whether the origin of mitochondria can, in principle, be addressed with data in nuclear genomes.
Comparison of yeast proteins to prokaryotic homologues.
No evolutionary analysis is assumption-free. Here we assume that the origin of the prokaryotic lineages (archaebacteria and eubacteria) predates that of eukaryotic cells. The reasoning behind this premise is as follows. We accept the evidence indicating that all known eukaryotes possess a mitochondrion, a hydrogenosome (anaerobic forms of mitochondria), or a mitosome (highly reduced forms of mitochondria with apparently no direct involvement in ATP synthesis) or possessed one in their evolutionary past (Roger and Silbermann, 2002; Embley et al., 2003; Tovar et al., 2003) . Furthermore we accept the biochemical (John and Whatley, 1975 ) and molecular evolutionary evidence Lang et al., 1999) indicating that mitochondria arose from within a group of prokaryotes called α-proteobacteria (Stackebrandt et al., 1988) . Therefore, the eukaryotes we know (including yeast) must have diversified subsequent to the diversification of eubacteria and probably subsequent to the diversification of α-proteobacteria from other related lineages. Regarding archaebacteria, the isotopic trace of ultra-light carbon (an indicator of methanogenesis, a typically archaebacterial pathway) goes back just as far in the geochemical record as the trace of non-methanogenic carbon fixation does (Nisbet and Fowler, 1999; Nisbet and Sleep, 2001 ), indicating in a very straightforward manner that archaebacteria are about as old as eubacteria. Furthermore, chemolithoautotrophy (the ability to make ATP via chemiosmosis with the help of redox reactions involving only inorganic electron donors and acceptors while using CO 2 as a sole carbon source) is widespread among both groups of prokaryotes but is lacking altogether in eukaryotes, all of which depend entirely upon prokaryotic CO 2 fixation pathways as a source of reduced carbon compounds. For these reasons, the origin of eukaryotic genes should postdate the origin of prokaryotes. Given that, we asked: Among yeast genes that have prokaryotic homologues by the measure of sequence similarity, to which prokaryotic homologues are they most similar?
Of the 6214 yeast proteins examined, only 850 find a match in FASTA comparison to one of the 177,117 prokaryotic proteins from 60 genomes in the search set at an E-value threshold of 10 -20
and have at least 25% amino acid sequence identity in the Smith-Waterman pairwise alignment that where a lump-sum majority consensus for eubacterial or archeabacterial ancestry was inferred for each category (Horiike et al., 2001 ; see also Poole and Penny (2001) and Rotte and Martin (2001) for a discussion). A tab-delimited table containing all information represented in Fig. 2a is available upon request.
The mitochondrial and sec-pathway targeting predictions with three programs (TargetP, Pedotar and iPSORT) are largely congruent ("T" lanes on the right of Fig. 2a ) and make sense for the most part. For example, the proteins of oxidative phyosphorylation are predicted to be mitochondrial (large white block in the category C-compound and carbohydrate metabolism). Yet these programs still make some evident targeting prediction errors. For example, the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase is predicted by Target P and iPSORT but not by Pedotar to be mitochondrial, although it is generally regarded as a cytosolic enzyme. Curiously, however, the highly conserved N-terminus of cytosolic GAPDH does in fact serve as a mitochondrial targeting sequence in potato (Long et al., 1996) and the enzymes of the glycolytic pathway are specifically localised to the outside of mitochondria in Arabidopsis (Giegé et al., 2003) .
To obtain a clearer picture of the global patterns of sequence similarity in yeast proteins we summed the elements of the matrix in Fig. 2a for the eubacterial and archaebacteria matches, respectively, and sorted the genes by the resulting quotient, normalized for the smaller archaebacteria sample. Doing this had the effect of sorting homologues based on their patterns of sequence identity and hence likely sources of origin at the level of archaebacterial vs. eubacterial ancestry (Fig. 2b) . Several aspects of the diagram are noteworthy.
Reading Fig. 2b from the top down, 383 of these 850 yeast proteins have homologues in eubacterial genomes, but not in archaebacterial genomes. We designate these proteins as eubacteria-specific. Obviously, this designation is tentative because it is dependent upon taxonsampling -if an archaebacterial genome sequence becomes available that contains one of these eubacterial-specific proteins, the designation will no longer hold. From the top down, the first protein that also occurs in archeabacteria is a mitochondrial ATP synthase α chain homologue in the Aeropyrum genome with 29.3% identity to atpa_yeast. Reading Fig. 2b from the bottom up, 111 yeast proteins have homologues in archaebacterial genomes, but not eubacterial genomes, before the first eubacterial match appears, which is msp1_yeast (TAT-binding homolog 4) having a homologue in the Nostoc genome with 37.1% identity, followed by hmd1_yeast and hmd2_yeast constitute a random sample of prokaryotic genes. These proteins are not randomly distributed throughout prokaryotic chromosomes, rather they have a discrete distribution. Many individual transfers between eubacteria and archeabacteria can be inferred based upon the observed homologue distribution (Fig. 2b) . For example, it can be seen in this sample that the archaebacteria Methanosarcina mazei and Halobacterium sp. possess a number of genes that are otherwise specific to eubacteria (and yeast), findings which were reported in the original analyses of these complete genome sequences (Ng et al., 2000; Deppenmeier et al., 2002) . Notably, presence or absence of a homologue to the yeast query varies within rows more dramatically than sequence identity does (Fig. 2a,b) . Thus, the observable distribution of genes in Fig. 2b suggests that lateral gene transfer -an important mechanism of natural variation in prokaryotes (Doolitte, 1999) -has permutated the distribution of genes across these genomes to a considerable extent, but has not fully randomized it.
There are many gene distribution patterns evident in Fig. 2b which can be examined in greater detail on the basis of the tab delimited table. For example, at position 465 six highly conserved genes that are almost ubiquitous in eubacteria are seen to also be present in the genomes of four euryarchaeotes (Halobacterium, Methanobacterium, Methanosarcina mazei and two Thermoplasma species). In the table these are revealed as the heat shock proteins hs71_yeast to hs76_yeast. Conversely, at position 700 there are three highly conserved proteins present in all archaebacteria sampled that have a sparse distribution among eubacteria. These are the SNZ proteins, of which SNZ1 is invloved in pyridoxalphospahte biosynthesis (Stolz and Vielriecher, 2003) . In the yeast annotation, SNZ1-3 are assigned to three different catgories: other cell division and DNA synthesis, vitamin biosynthesis, and stress response, respectively. They are hardly visible in Fig. 2a , but stand out in Fig. 2b by virtue of a visible, distinct and shared distribution across genomes.
This is not "you are what you eat", but it might be the iceberg below the tip
One possibility to explain the predominance of eubacterial genes in the yeast genome would be that yeast specifically acquired these genes by lateral transfer from a myriad of individual donors that were ingested as food bacteria and thus donated genes to the nucleus over evolutionary time ("you are what you eat") (Doolittle, 1998) . Three lines of evidence argue quite clearly against that suggestion in the present context.
First, yeast is not phagotrophic, nor is any fungus phagotrophic for that matter . Fungi are heterotrophic osmotrophs, they gain energy through the oxidative breakdown if reduced carbon compounds that they sequester from their surroundings with the help of substrate importers in their plasma membrane.
Second, if these are yeast-specific acquisitions, they should not be present in other eukaryotic genomes, but they are (Fig. 2c) . We could only identify six genes among the 850 sampled here that did not occur in another eukaryotic genome on the basis of BLAST searching.
Those six genes are yei0_yeast, yjv7_yeast, q03036, yg1f_yeast, q08347, and yd39_yeast. Thus, yeast-specific LGT might be responsible for 6/850 (0.7%) of these prokaryotic genes in the yeast genome, but it is also possible that additional sampling will uncover these genes, too, in other eukaryotic genomes, as in the case of the 400 genes in the human genome that were originally claimed to be lateral transfers, but turned out upon closer inspection not to be LGT after all (Salzberg et al., 2001; Stanhope et al., 2001 ).
Third, if LGT were at work delivering genes to the yeast genome from various prokaryotic donors over time, then one would expect to see recent transfers with glaring sequence similarities, not just ancient transfers as are usually inferred from phylogenies. Indeed, evidence for recent transfers from organelle genomes (chloroplast and mitochondria) to nuclear genomes is abundant (Timmis et al., 2004) . In such cases, recently transferred organelle DNA sequences in eukaryotic chromosomes may have ≥99% identity to their organelle counterparts at the nucleotide level. By contrast, the greatest extent of amino acid identity that we observed between yeast and any prokaryotic protein in the 6214 x 177,117 (1.1 billion) FASTA comparisons was 76.8% between atpb_yeast, an important component of the mitochondrial ATP-synthase, and its homologue from the α-proteobacterium Agrobacterium. These two atpb nucleotide sequences are 66% identical. If we assume that this atpb gene was acquired by outright LGT, rather than by endosymbiotic gene transfer from mitochondria (Timmis et al., 2004) , it would be the most recent transfer in the yeast genome relative to the prokaryotic sample investigated here. Using a dramatically over simplifed (but also over conservative) molecular clock calculation and assuming an (extreme) pseudogene rate of roughly 5 x 10 -9 per site per year in both lineages (Graur and Li, 2000) , this most recent transfer would have occurred 34 million years ago and the use of any slower rate would make this most recent transfer even more ancient. In other words, the natural lateral acquisition rate for protein coding genes in the yeast lineage appears to be much, much less than one gene per 34 million years.
More recently, Doolittle et al. (2003) have asked "How big is the iceberg of which organellar genes in nuclear genomes are but the tip?" Fig. 2 shows that the iceberg might be quite large, comprising possibly 75% of all nuclear genes in yeast, if we assume that the fraction of genes with a eubacterial ancestry in yeast is the same among those 850 genes that reveal their ancestry by virtue of primary sequence conservation (Fig. 2a) as it is among those that do not, and if we entertain the possibility that these eubacterial genes could, in principle, all stem from the mitochondrion. At the very low E-value threshold of 10 -4
, 2073 yeast genes have ≥25% sequence identity to at least one prokaryotic homologue, 699 are eubacterial-specific, 198 are archaebacterial-specific, 1457 are more eubacterial, and 616 are more archaebacterial in the present sample (see Supplemental Fig. S1 ).
Which genes belong to the eubacterial-and archaebacterial-specific groups?
The eubacterial-and archaebacterial-specific genes of yeast are shown in more detail in Fig. 3 .
Fully consistent with the findings that Rivera et al. (1998) incisively inferred from the analysis of only five prokaryotic genomes, the eubacterial-specific genes are mostly involved in metabolic and biosynthetic processes (operational genes), whereas the archaebacterial-specific genes are mostly involved in information processing (informational genes). However, there are some exceptions, for example some aminoacyl tRNA synthetases (informational) are among the eubacterial specific genes, and some amino acid biosynthetic (operational) genes are among the archaebacterial-specific ones. Nonetheless, our analyses very strongly support Rivera et al.'s (1998) distinction of gene classes, but reveal it in somewhat greater depth, breadth, and detail. The eubacterial/archaebacterial dichotomy in eukaryotic genes was also apparent from the study of individual enzymes involved in ATP synthesis (Martin and Müller, 1998) .
The left portion of Fig. 3 shows the 50 most highly conserved yeast proteins that are specific to eubacterial and archaebacteria, respectively. Among the archaebacterial-specific genes several ribosomal proteins, DNA metabolic enzymes, and proteasome subunits are prominent. Core carbon metabolic, core biosynthetic enzymes, and glycolytic are prominent among the eubacterial genes. The latter finding is of interest because it has been claimed that eukaryotes do not possess eubacterial glycolytic enzymes (Canback et al., 2002 
Which prokaryotic genomes are most similar to that of yeast?
In phylogenetic comparisons of genes or proteins, observed site patterns are assumed to be independent and are compared individually; the overall similarity of site patterns provides a measure of overall similarity (or overall difference) between the sequences. Gaps are usually not counted, because of the uncertainty of modelling insertion and deletion events. By analogy, in an evaluation of the extent of similarity or difference between genomes, one could consider genes as being equivalent to site patterns and comparisons could focus on the character state (presence/absence; if present, extent of identity) of comparable genes in different genomes.
We have used the approach just described in the present study, taking the sum of pairwise amino acid sequence identity across all genes shared by yeast and a prokaryote with at least 25% amino acid identity at a given E-value threshold of 10 -x as a measure of the overall similarity of the two respective genomes. This measure at a particular threshold (tI x ) that we calculate takes into account both gene presence/absence ("gaps") and amino acid identity between genes (state similarity at the "position"). We use straight amino acid identity rather than any estimate of similarity for this measure to avoid introducing additional assumptions and uncertainty concerning the general applicability of LogOdds scoring matrices for such anciently diverged sequences. Of course, sequence similarity is not always a good predictor of neighborliness in phylogenetic trees (Koski and Golding, 2001 ), hence Fig. 4a is not a substitute for a phylogenetic tree. But the values of tI x do provide a measure of overall genome similarity that takes both amino acid identity and gene presence or absence into account; few such measures have yet been explored (Lake and Rivera, 2004) .
Measures of overall genome similarity for tI 4 , tI 20 to tI 100 , and tI 150 are shown in Fig. 4a for 60 prokaryotes in comparison to yeast. At low E-value thresholds, the archaebacteria have higher scores of similarity than many eubacteria with small-genomes. However, at higher E-value thresholds, the inference of a close relationship between yeast and archaebacteria disappears
altogether. The only apparent relationship at high stringency levels is one between yeast and eubacterial genomes. This striking finding is particularly at odds with the placement of eukaryotes as sisters of archaebacteria in the rooted versions of the rRNA tree, which is found in many textbooks.
At tI 4 to tI 60 the γ-proteobacterium Pseudomonas aeruginosa bears the greatest overall similarity with yeast among prokaryotes sampled. At tI 80 and tI 100 the α -proteobacterium Sinorhizobium meliloti becomes the most similar in this sample. Of course, the "winners" in such a comparison will change as more genomes become available. But the method should be applicable to larger genome samples and to other eukaryotic genomes. The Rhodobacter, Novosphingobium, and Rhodospirillum are not complete and hence were not included in this sample, but it is noteworthy that all three species were less distant to mitochondria in Fig. 1b and c than Sinorhizobium was. It will be of interest to extend the present comparison to additional α-proteobacterial genomes.
Among the archaebacteria, the genome that is most similar to yeast at all thresholds is that of the methanogen Methanosarcina mazei. However, the nature of Methanosarcina's evident similarity to yeast is founded largely in the fact that this methanogen has acquired about 30%
eubacterial genes which are involved in its ability to metabolize a moderately broad spectrum of C1 compounds such as methyamines and methanol in addition to CO 2 as a sole carbon source (Deppenmeier et al., 2002) , attributes (and genes) that autotrophic methanogens in this sample lack.
At lower thresholds the Sulfolobus species come in second. At higher thresholds, however, it is again a methanogen, the autotroph Methanobacterium thermooautotrophicum, that scores well as does the aerobic heterotroph Halobacterium, which might be a derived methanogen that became an aerobic heterotrophic through gene acquisition and gene loss.
That the methanogens score well among this extremely narrow sample of archaebacteria might seem surprising at first sight. But that is in line with the predictons of the hydrogen hypothesis (Martin and Müller, 1998) and of the syntrophic hypothesis (Moreira and Lopez-Garcia, 1998) , because both models implicate a methanogen-like metabolism for the archaebacterial partner presumed to have been involved at the symbiogenic origin of eukaryotes. That Methanosarcina mazei shows the highest overall similarity to yeast in the present sample is likely due to convergence, but the circumstance that this methanogen is able to acquire and express eubacterial genes for carbon importers, carbon metabolism, protein folding, and other functions (Deppenmeier et al., 2002) bears out a prediction of the hydrogen hypothesis that such acquisitions and expression should be possible.
Whereas the hydrogen hypothesis predicts the strongest signals from methanogens and α-proteobacteria, which is observed at several thresholds in the present analysis (Fig. 4) , the syntrophic hypothesis predict the strongest signals from methanogens and δ-proteobacteria (plus a presumably smaller α-proteobacterial signal). The only two representatives from the δ/ε group of proteobacteria in this sample are Campylobacter and Helicobacter, both of which fare poorly in the present comparison, but the sample is quite small.
The model of Margulis et al. (2000) presumes a Thermoplasma-like host and a spirochaete at the origin of eukaryotes, but neither group fares particularly well in the present highly restricted sample. The model of Cavalier-Smith (2002) predicts a strong signal from the actinobacteria, which is in fact present (Streptomyces) at low thresholds but, in contrast to the α-proteobacterial signal, dwindles at higher thresholds. Yet, again, the present sample is quite small and there is much room for additional comparisons. The model of Gupta (1998) predicts a strong signal from proteobacteria and from the group of archaebacteria known as eocytes (Lake, 1988) , also known as crenarchaeotes (Woese et al., 1990) . Indeed, members of the γ-and β-proteobacteria have the highest overall tI 20
values (and at several other thresholds) and Sulfolobus (an eocyte) also scores quite well at several thresholds. Clearly, additional sampling is needed.
If we look at the 263 proteins that are widespread among both prokaryotic groups, the proteobacteria battle it out tightly and Methanosarcina remains at the fore among archaebacteria.
Importantly, the values of tI x are predominantly a function of gene content in the prokaryotic genomes, because the average sequence identity of non-zero values is almost completely constant at 40% across genomes (Fig. 4b) . The tI 20 values are correlated with genome size, as shown in Many of the top-scoring proteobacteria are pathogens or otherwise interact intimately with eukaryotic cells. Accordingly, many of them possess type III secretion systems (yellow shading in Fig. 4c ), which allow pathogens to inject proteins into their eukaryotic hosts, thereby often interfering with their host's ability to detect infection or respond to it (Gauthier et al., 2003) .
Among the prokaryotes that lack Type III secretion systems in our sample, Agrobacterium and
Sinorhizobium fare best at the 10 -20 threshold (Fig. 4c) . Pathogens are over represented the present eubacterial genome sample. Complete sequence data from additional non-pathogenic eubacteria are needed. Horiike et al. (2001) studied the yeast genome using BLAST comparisons and found that several functional categories of yeast genes were on average more similar to eubacterial or archaebacterial homologues, respectively. However, Horiike et al. (2001) embraced the a priori assumption that those eubacterial genes in the yeast genome encoding mitochondrion-specific proteins stem from the α-proteobacterial ancestor of mitochondria, and those eubacterial proteins that are not mitochondrion-specific stem from a different source, in their view a eubacterial host that acquired an archaebacterial symbiont, the latter of which became the nucleus. Hedges et al. (2001) assumed that the excess eubacterial genes in eukaryotes stem from a symbiont that arose prior to the mitochondrion. Both Hedges et al. (2001) and Horiike et al. (2001) , following Gupta's argument (1998) attributed the excess eubacterial genes to a single eubacterial partner at the origin of eukaryotes that was distinct from the mitochondrial endosymbiont. This assumption is also contained in the model of Hartman and Fedorov (2002) , in the much earlier suggestion of Zillig et al. (1989) and in the more recent suggestions of Emelyanov (2003) . All six models presume that there was an addtional symbiotic partner in the evolution of eukaryotes that preceded the mitochondrial symbiont, and the former five suggest that some amitochondriate eukaryotes, in particular Giardia intestinalis, are primitively amitochondriate. However, as some might have expected (Roger 1999; Embley et al., 2003) , Giardia possesses mitochondria after all (Tovar et al, 2003; Henze and Martin 2003) , so models that derive the Giardia lineage prior to the acquisition of mitochondria can currently be excluded.
In our view, it is not yet clear whether the data really require the supposition of an additional eubacterial symbiont as the source of these "too many" eubacterial genes in yeast. An α-proteobacterial symbiont (the ancestor of mitochondria) with a broad diversity of genes in its genome would suffice to account for the excess eubacterial genes in eukaryotes. The circumstance that many genes of mitochondrial origin in eukaryotes are not targeted to the mitochondrion is difficult to explain or not at all addressed in some models (Horiike et al., 2001; Hedges et al., 2001; Fedorov and Hartman, 2002; Emelyanov, 2003) , but is directly predicted under others in which gene transfer from endosymbiont to host is viewed as a eukaryote-specific mechanism of natural variation that existed before the origin of the mitochondrial protein import apparatus (Martin and Müller, 1998; Timmis et al., 2004) .
Eukaryotic substrate importers.
An explicit prediction of some models (Martin and Müller, 1998) and an implicit prediction of others (Moreira and Lopez-Garcia, 1998; Cavalier-Smith, 2002 ) is that eukaryotes should have eubacterial importers for reduced carbon compounds in their plasma membrane. Yet importers (used here synonymously with all proteins involved in the movement of substrates from one side of a membrane to the other) are generally poorly conserved in comparison to glycolytic enzymes or some ribosomal proteins, for example. This is mostly due to the fact that transmembrane domains are rich in non-polar amino acids, but can easily accept the replacement of one non-polar residue by another at many sites. Among the eubacterial-specific carbon importers identified at the E-value threshold of 10 -20 are the hexose transporters HXT10, HXT11, HXT13, HXT15, HXT16, HXT17, HXT8, HXT9, the high-affinity glucose transporters HXT2, SNF3, HXT6, the low-affinity glucose transporters HXT1, HXT3, HXT4, and the sugar transporter STL1. In order to examine importers more broadly, we had to lower the E-value threshold. At the very low 10 -4 threshold, overall sequence similarity between yeast and prokaryotes is low and individual sequence identities exceeding 35% are rare (Fig. 5) . The current sample indicates that homologues of the importers possessed by yeast are more widespread among eubacteria than among archaebacteria, this is particularly noticeable among the class of unspecified importers.
What about the yeast proteins that detect no prokaryotic homologues here?
The present findings indicate that about 3/4 of the nuclear protein-coding genes in Saccharomyces cerevisiae that detect homologues in sequenced prokaryotic genomes are more similar to eubacterial homologues than they are to archaebacterial homologues, and furthermore that at high stringency, the archaebacterial component of similarity in the yeast genome disappears almost entirely, whereas the eubacterial component does not. These findings, founded in genome comparisons, are irreconciliable with a supposed sister-group relationship between archaebacteria and eukaryotes, which is the current paradigm and which is founded mostly in the analysis of a single gene (small subunit ribosomal RNA) as rooted with protein trees (Woese et al., 1990) .
However, only about 15% (850/6214) of yeast's genes share at least 25% amino acid identity with homoglogues detected at the E-value threshold of at least 10 -20 in this sample of 177,117 prokaryotic proteins. This raises the question as to where the other 85% come from? In principle, there are three possibilities, which can be labelled as "mystery host", "sequence divergence", and "descent with modification".
The suggestion of "mystery host" (exemplified in Hartman and Federov (2002) ), supposes that eukaryotic genes lacking detectable homologues in prokaryotes constitute direct evidence for a third kind of cell that existed early in evolution, but was in supply for a limited time only. It was neither a eubacterium nor an archaebacterium. Instead, that cell (called the "cronocyte" in some formulations) is to be envisaged as a free-living cytoskeleton with abundant calcium signalling pathways, but lacking genes for ATP synthesis and core genetic apparatus (Hartman and Federov, 2002) , because those kinds of genes are found in prokaryotes (Fig. 2) . In this variant of endosymbiotic theory, the "mystery host" serves as a preformed eukaryotic cytosol incertae sedis into which the nucleus and mitochondria may penetrate as endosymbionts (Hartman and Federov, 2002) . Where the cronocyte comes from is not an issue for the theory (Hartman and Federov, 2002) . The postulated existence of such a cell is essential to uphold many prominent theories, because without it "then the three cellular domains, Eukarya, Archaea, and Bacteria, would collapse into two cellular domains" (Hartman and Federov, 2002) . The "mystery host" explanation for eukaryotic-specific genes attributes their origin to an inheritance, by eukaryotes, from an imaginary form of lifeand is thus unfalsifiable, for which reason it can be set aside for the time being.
The second possiblilty is "sequence divergence". This explanation for the paucity of sequence conservation between eukaryotic and prokaryotic proteins operates with a known mechanism popular among proponents of the New Synthesis: point mutation. Unradically, it posits that prokaryotes arose before eukaryotes, that the ancestral set of eukaryotic genes therefore had prokaryotic counterparts, and that many mutations have accumulated in the brunt of both prokaryotic and eukaryotic genes subsequent to the origin eukaryotes, such that a good portion of eukaryotic genes therefore no longer have detectable primary sequence similarity with their prokaryotic counterparts .
The third possibility is "descent with modification", a well-established evolutionary principle that is applicable to genes. Sequence divergence is a special case of descent with modification, because the former takes only point mutations into account, whereas the latter would also include recombination, insertion/deletion, duplication, optimiztation and functional specialization, during which processes proteins would become increasingly dissimilar to their prokaryotic progenitors, while the original genetic starting material was becoming suited, via natural variation and natural selection, to ensure the survival of the earliest eukaryotic progeny.
Descent with modification would allow the possibility that eukaryotes might have invented some genes from preexisting prokaryotic starting material, and that such genes might have subsequently come under strong functional constrains so as to evolve in a very conserved manner within the eukaryotic lineage, without ever having arisen in prokaryotes.
Conclusion
At the level of overall amino acid sequence identity and gene presence or absence, proteobacterial genomes were found to be the most similar to the yeast genome among eubacteria surveyed, whereas among archaebacteria surveyed, the genome of the methanogen Methanosarcina mazei was the most similar to yeast. The similarity of the yeast genome to that of Methanosarcina is likely due to convergence, because that has acquired and expresses many eubacterial genes for carbon metabolism and carbon importers in a process that surely occurred independently from any putatively analogous acquisitions in eukaryotes. The analysis of proteins encoded in mitochondrial genomes reveals that the position of mitochondria is unresolved with the present sample of data from α-proteobacterial genomes, although Rhodospirillum comes as close to mitochondria as any α-proteobacterium sampled. That about 75% of yeast's nuclear genes that detect prokaryotic homologues are more similar to eubacterial than to archaebacterial homologues and are furthermore present in other eukaryotes suggests that i) the common ancestor of eukaryotes surveyed here may also have possessed a majority of eubacterial genes, though it is still unclear how many of these ultimately come from the ancestral mitochondrial genome, and ii) that lineage-specifc lateral acquisitions in the yeast lineage account for <1% of the observed gene distribution. The approaches described here to genome comparison may hold promise for discrimination between alternative hypotheses for the origins of eukaryotes and mitochondria. Splits that were found in >95/100 bootstrap samples are marked with a black dot. (125) aminoacyl-tRNA-synthetases (32) assembly of protein complexes (4) C-compound and carbohydrate metabolism (158) cell differentiation (13) cell growth / morphogenesis (18) detoxification (11) DNA processing (31) drug transporters (3) fermentation (7) ion transporters (5) Golgi ( 
